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INTRODUCTION
Heavy metals are considered one of the greatest threats to the human health, due to their toxic effects on the environment. They are present in various compartments (atmosphere, water, soil, sediments and living organisms) and their forms are controlled by physical and chemical conditions as well as by biological processes. Natural occurrence of heavy metals is related to distribution of clastic mineral detritus from soil, rock and volcanic eruptions (Sanei et al., 2001; Mortatti and Probst, 2010) , and from anthropogenic activities related to agriculture, domestic sewage, industrial and other minor effluents (Gomez et al., 2007) .
In aquatic environments, heavy metals are usually found under different chemical forms subject to precipitation, adsorption and solubilization reactions, mainly with the bottom and suspended particulate load (Sholkovitz, 1992; Mortatti et al., 2002) . The main factors affecting the sorption mechanism of heavy metals in the sediment pore water include particle size, pH, redox potential, organic matter and biological activity (Förstner and Wittmann, 1981) .
STUDY AREA
The drainage basin of the Tietê River covers 70,500 km 2 and lies between latitude 24°10′ S to 20°30′ N and longitude 46°00′ E to 51°30′ W. The river follows a southeast-northwest direction along the São Paulo state, the most industrialized state of Brazil, with about 62 cities, towards the Paraná River basin (Fig. 1) . Along the main channel, the river flow is interrupted by several hydroelectric reservoirs to supply electric energy and drinking water.
The climate of the region is Cwa (Köppen classification), i.e., tropical rainy weather characterized by wet summer and dry winter; the mean temperature is 23.5°C and the mean annual rainfall has been 1,290 mm over the last 30 years.
According to Brasil (1983) , the Tietê River basin is a sub-basin of the Paraná sedimentary basin and can be divided in three major morphostructural units: Atlantic Plateau (crystalline basement rocks) at the upper basin, Peripheral Depression and a transition zone (sedimentary rocks) at the middle of the basin and Western Plateau (Serra Geral and Bauru sedimentary formations).
In the upper basin, the Tietê River is severely polluted by domestic sewage and industrial effluents from the São Paulo metropolitan area. In the middle and lower Tietê basin, the anthropogenic influences are related to the agricultural practices (sugar cane plantation and pasture), domestic raw sewage and significant industrial activities.
MATERIAL AND METHODS

Sampling procedure
Twelve sediment cores of the riverbed were collected along the Tietê River basin in May 2009 by using a specially-designed gravity corer. Sampling was carried out during the middle falling stage of the river. Each core sampled in the middle part of main channel was representative of its corresponding location. A composite sample of recent sediments, corresponding to the first 5 cm, was used for each station for calculating the heavy metal pollution degrees, whereas the deeper profiles (between 30 and 40 cm) were used to determine the regional background. All sediment samples were air-dried and sieved (63 µm) before the analytical procedures. Nova; 2, Biritiba; 3, Mogi das Cruzes; 4, Pirapora; 5, Tietê; 6, Anhembi; 7, Barra Bonita; 8, Bariri; 9, Ibitinga; 10, Promissão; 11, Nova Avanhandava; and 12, Três Irmãos. Total area 
Extraction and analytical methods
The heavy metals considered in this paper, Cu, Co, Cr, Zn, Cd, Ni, Pb and Sc were determined by ICP-OES, after complete dissolution by alkaline fusion (Samuel et al., 1985) . Accuracy was controlled using Soil-7 standard (International Atomic Energy Agency-Reference materials). Differences between measured and certified values were generally below 5%, except for Cd (9%).
RESULTS
Heavy metal content and downstream distribution patterns
Total heavy metal concentrations in recent sediments along the Tietê River are shown in Table 1 .
The abundance order of heavy metal concentrations in recent sediments of the Tietê River basin were Zn > Cr > Pb > Cu > Ni > Co > > Cd > Sc for the headwater region (stations 1 to 4), Zn > Cr > Cu > Pb > Ni > Co > > Cd > Sc for the middle part of the basin (stations 5 to 7) and Cr > Cu > Zn > Ni > Co > Pb > > Cd > Sc (stations 8 to 12) for the mouth. The highest concentration for Zn was obtained at Pirapora Station (421.3 mg/kg), just above the metropolitan area of São Paulo city, being charged by domestic sewage and industrial effluents. Similar values (400.0 mg/kg) were also observed by Silva et al. (2002) for the Billings reservoir near this upper station. In the mouth direction, highest Cr and Cu concentrations of 388.5 and 293.9 mg/kg were be verified respectively.
The heavy metal distributions in the recent sediments along the Tietê River main channel (650 km) were observed by plotting the metal concentrations against the distance (Fig. 2) .
The distribution of Cd and Sc concentrations in recent sediments shows a small increase along the river, mainly at the middle part of the basin. In contrast, the distribution pattern of Co increases from the middle of the basin towards the mouth. Higher concentrations of Zn and Pb observed at upper stations 3 and 4 (Mogi das Cruzes and Pirapora) were related to the domestic sewage of the urban zone and at the middle part of the basin, stations 5 and 6 (Tietê and Anhembi) were associated with the sugarcane activities. After station 7 (Barra Bonita), the increase of Cu, Cr and Ni concentrations coincides with the anthropogenic influences from agriculture to urban areas. Bevilacqua et al. (2009) at the middle part of the Tietê River basin observed a similar pattern. The case of Cu seems to be more serious, as it is used to control algae in hydroelectric reservoirs. Its concentration peak at station 11 (Avanhandava) was 359.7 mg/kg. This occurrence is in agreement with Silvério (2003) who observed this behavior in the lower part of the basin.
Regional background levels
The natural background level for heavy metals in river sediments can be estimated in different ways. Martin and Meybeck (1979) proposed the use of heavy metal concentration values of average surface sediments, while Taylor and MacLennan (1995) suggested the use of the average abundance of these metals in the Earth crust. Turekian and Wedepohl (1961) suggested the use of sedimentary rocks and average shale metal compositions as comparative reference. However, it has been observed that these values adopted for heavy metals, vary globally and do not represent a more consistent study area. According to Silvério (2003) , another criterion that might be adopted involves regional or local background levels, through the riverbed depth cores, if they have not been affected by anthropogenic action.
Use of regional or local background levels has been often discussed in literature involving heavy metal concentrations in soils, rocks and sediment profiles (Ferrand et al., 1999; Robaina et al., 2002; Marins et al., 2004; Rodrigues and Nalini, 2009 ).
(mg/kg) In this paper, the regional background levels for the heavy metals studied, related to the profiles of deeper sediments (30-40 cm) were determined in the upper (four stations), middle (three stations) and lower (five stations) parts of the drainage basin, in order to avoid spatial influences ( Table 2) .
Intensity of heavy metal pollution
The geo-accumulation index was used to evaluate the degree of heavy metal pollution in the riverbed recent sediments along the Tietê River basin during the sampling period. The geo-accumulation index (Igeo), introduced by Müller (1979) , is derived as:
where [M] sed is the concentration of a given heavy metal and, [M] background is the geochemical background value of the element in the reference site. The index Igeo is associated with a qualitative scale of pollution intensity and is divided into 7 degrees, which reflects the conditions ranging from none to very strong pollution.
In order to compare the intensity of heavy metal pollution in recent sediments of Tietê River, with reference to regional background and to the Earth's crust content in surface horizons, the indices of calculated geoaccumulations (Igeo) of heavy metals in sediments were calculated (Fig. 3) . According to these indices, the recent sediments at Pirapora site (upper basin, station 4) are "strongly" polluted by Cu and Zn with reference to the regional background and, "strongly to very strongly" in relation with the Earth's crust. In the middle part of the basin, at Anhembi site (station 6), the sediments are classified in both references as "medium to strongly" polluted by Cu and Zn, and less intense by Cr. Downstream, at Avanhandava and Três Irmãos sites (stations 11 and 12), the sediments are "strongly polluted" by Cu, "medium to strongly" polluted by Co and Cr and "medium polluted" by Zn, in both references. However, for Ni and Cd, the background related to the Earth's crust overestimates the pollution degrees, classifying these stations as "medium to strongly" and "very strongly" polluted respectively, in contrast that verified in terms of regional background, which shows "none" pollution.
Sources of heavy metals: lithogenic and anthropogenic contributions
Scandium was used as reference element in a first approach, despite the low spatial variability observed in recent sediments and in the regional backgrounds, to estimate the lithogenic and anthropogenic contributions of heavy metals in recent sediments along the Tietê River, according Shotyk et al. (2000) , as follows: Table 3 . At the upper part of the basin, the anthropogenic contribution of most of the investigated heavy metals revealed to be lower than the lithogenic contribution, with exception of Cu at Ponte Nova and Pirapora sites (stations 1 and 4) which was higher than 70% for anthropogenic origin. In contrast with the verified at the upper river, Cu, Cr and Zn in the recent sediments at middle part of the basin showed to be of anthropogenic origin. The other heavy metals (Co, Cd, Ni and Pb) seem to be related to the lithogenic origin of the sampled sediments. The anthropogenic contributions, mainly for Cu, Co and Cr, increases downstream (stations 9 to 12) with values higher than 80%.
These results reveal that the pollution from heavy metals in the recent sediments along the Tietê River is very serious, mainly for Cu and Cr. CuSO 4 is used to control algae production in hydroelectric reservoirs or derive from industrial effluents, while agrochemicals are the major sources of Cr.
The indices of calculated geo-accumulation (Igeo) of heavy metals in the recent sediments along the Tietê River are strongly related to the anthropogenic contributions in the basin, as shown in Fig. 4 . This significant relationship indicates anthropogenic influences in the whole Tietê River basin. The fitted polynomial model presents a theoretical minimum anthropogenic contribution (Igeo 1) to the heavy metal pollution in the recent sediments of around 50%, which emphasizes the human activity in the drainage basin. 
CONCLUSIONS
This study highlights the heavy metal distribution in the recent sediments along the Tietê River in 12 sampling stations. The increase of heavy metal concentrations downstream reveals similar abundance order for the studied metallic species, particularly for Zn at the upper basin and Cu, Co and Cr at mouth. The average concentrations of heavy metals were compared to the regional background in three sections of the basin. The index of geoaccumulation was used to evaluate the degree of heavy metal pollution of the Tietê River recent sediments and revealed that the sediments along the basin are seriously polluted by heavy metals of the anthropogenic origin, mainly for Cu, Co, Cr and Zn. This result agrees with other researches in similar areas along the basin. Further research is needed to study heavy metal speciation and its effects in the living organisms.
